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ABSTRACT

Spherical environment maps capture all of the light visible from a given point in space. From such a representation
it 1s possible to render any perspective view along any direction from a fixed eye position located at the center of
the sphere. In this paper this idea is extended to allow for eye movement within a bounded region of space. A novel
method for reconstructing views from a set of precaptured images is presented. Image information is manipulated to
create new views of the captured environment. These views provide correct parallax information from the particular
viewpoint and, therefore, enable occluded regions to be viewed. Unlike other related methods, there is no reliance on
geometric information, thus making the approach completely content independent. Basic interpolation techniques
are employed to improve the quality of the reconstructed images and results are presented.
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1. INTRODUCTION

In recent years much research has been undertaken in an effort to bypass the traditional graphics pipeline by directly
modeling and encoding the light information at a scene. This information is contained in the plenoptic function'
which is a five-dimensional quantity describing the flow of light at any position (z,y, z) and along any view direction

6.0

Quicktime VR? was the first to prove that it was possible to record, manipulate, and playback the light information
at a scene. A subset of the plenoptic function is captured along a cylindrical environment map and replayed
interactively to a user. McMillan® followed this by developing a novel method for registering cylindrical images
which allows for reprojection of the pixels in these images to cylindrical images in other positions. He describes
a method similar to Painter’s algorithm which guarantees correct back to front pixel rendering order. One of the
drawbacks to this method is that the optical flow must be calculated to obtain this registration which can sometimes

be difficult.

Levoy et al.* and Gortler et al.’ use cameras arranged on a rectangular grid to obtain a subset of the plenoptic
function which they refer to as a Lightfield and a Lumigraph, respectively. In both works, inward-looking views of
an object are reconstructed at interactive speeds. The Lumigraph uses depth correction techniques to obtain better
registration in the final rendered image which means that geometric information must be obtained about the object
being viewed. Of great importance in these works is the exploitation of texture mapping hardware to accelerate the
playback speeds of the renderings. This is obtained by the rectangular arrangement of the data which allows for
bilinear interpolation operations commonly implemented in texture mapping hardware systems.

The work described herein differs from previous research in several important areas. For the purposes of this
paper, the light flow information is defined as incoming into a spherical region of space. A viewer observing the
captured environment can look outwards in any direction with the freedom to move within a bounded region inside
the sphere. This spherical arrangement represents a substantial departure from previously attempted work.

Geometric information of arbitrary scenery is very hard to obtain. This is especially true of real world scenery
where the geometry is exceedingly complex and must therefore be assumed not to be available. While there is
substantial work being done in the field of computer vision, the methods presented herein do not require any
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knowledge of the underlying geometry present in the environment being viewed. However, it is recognized that
geometry information could potentially be used to affect reconstructed image quality in a manner similar to the
Lumigraph.®

The remainder of this paper is organized as follows, first is a perspective about the relationship of this work to
previous work done in the field of holography. A definition of spherical environment maps follows with information
on how to build them using images captured with ordinary cameras. These ideas are then extended to allow for eye
position movement and results are presented.

2. RELATIONSHIP TO HOLOGRAPHY

Much of the work in the field of image-based rendering is being done to simulate the type of seamless visual playback
that has been demonstrable in the holographic arts for many years. Holographic stereograms offer the best example
of this similarity in that they are created from a series of 2-D images and ultimately are capable of delivering a
seamless representation of 3-D objects. Most holographic stereograms offer horizontal parallax only by supplying
a successive series of vertical slit holograms.??"?* Each slit provides a thin holographic window to a 2-D image
located at an image plane. If the slits are thin and numerous enough for a set of viewing requirements, the seamless
3-D nature of the final product is assured. There are also fine examples of holographic stereography which employ
matrices of holograms rather than slits.?®> This approach enables both horizontal and vertical parallax. Once again,
if the matrix elements offer enough resolution, seamlessness is assured. It is this latter work, applied flexibly and
digitally, that provides the closest analogy to today’s image-based rendering ambitions and challenges.

In the event that there are not enough images available to map into the matrix elements, interpolation techniques
have been employed to generate intermediate parallax images which, when applied holographically, address the
difficult problems associated with obscured surfaces.2® More recently, Halle described a class of stereograms called
Ultragrams which, among other things, model distortion characteristics with great accuracy.®?? Additional work in
the field of interactive holographic display has been done by St. Hillaire and describes in great detail considerations
for optimizing the capture and display of seamless 3-D scenes.?®

The work presented herein strives to leverage the physics of holography with the necessary elements of computer
science and mathematics to achieve what is quickly becoming a promising new immersive medium.

3. BUILDING SPHERICAL ENVIRONMENT MAPS

A spherical environment map can be thought of as all of the light information visible from a given point in space
projected onto the inside surface of a sphere located concentrically surrounding that point. The information can be
encoded onto a two-dimensional angular plane using the discretized form of the parametric equation of a sphere of

radius R,

x R - cos(¢)sin(0)
y | = R - sin(¢) , (¢ €]-90,90],6 € [—180, 180]). (1)
z R - cos(¢)cos(f)

This representation samples the poles of the sphere more densely and thus gives a non-uniform spatial distribution
of points. The tradeoff is the ability to achieve an efficient representation from which one can quickly replay the
content by warping portions of it onto perspective views of the surrounding scenery.

In order to build such a map, the environment must first be captured by taking pictures from the desired capture
point along different directions. These images must then be warped onto a sphere along the corresponding directions.
This can be achieved by sampling the sphere along all of the directions and calculating which pixels from the different
images correspond to each direction. For a given position in the environment map corresponding to angular directions
®m, O0m, the address of the appropriate pixel can be calculated from the camera pointing along direction ¢., 8. by
applying the following procedure.

First, bring the camera back to some reference coordinate system by applying the inverse rotation transform:

d =Ry, ds ., (2)



where dg, 9, € R3 is the cartesian representation of the unit vector with directions ¢, and 6,, and R;jec € N33
is the rotation matrix. Once this inverse rotation transformation is performed, the given camera direction is aligned
with the reference camera direction.

Then calculations to determine the row and column information in the image are performed using the formulas:

J[F1 H
r=d, 5]+ 5 (3)
and
J[F] W
=d, |- — 4
=d|z]+ T W

where F'is the camera focal length and H and W are the height and width of the camera image plane. Using this
procedure, pixels from different cameras will map to the same location in the environment map. This is advantageous
in reducing noise and aliasing from the map since these values can be summed and averaged to produce one value.
Portions of this map are then warped onto perspective views of desired directions and fields of view. Figure 1 shows
a spherical environment map of a conference room which was obtained using the method described above. The rows
represent change in the pitch angle ¢,,, and the columns represent change along the yaw angle of the sphere, 8,,.

Figure 1. Spherical environment map of a conference room. The rows represent change along the pitch angle ¢,
and the columns represent change along the yaw angle of the sphere 8,,.

An interactive viewer, which permits a user to look around a point at image resolutions of 2562256 has been built.
This viewer will reconstruct views from the given point in space where the map was captured. Once the viewer was
complete, the focus turned to the more challenging problem of enabling view reconstruction from within a defined
spatial locus surrounding the center point of the sphere. This is the key to ultimately providing content-independent
immersive viewing of environments.

The issue of surface occlusion has historically been difficult to overcome. Surface occlusion is not, however,
a problem in holography since the medium allows for light rays to be directed in such a way as to have adequate
dimensional flexibility to achieve seamless content independence. That is, the medium is inherently multi-dimensional
to an adequate degree for enabling seamless reconstruction over a locus of viewing locations.

A method capable of reconstructing views from a locus surrounding a point is now presented.



4. ALLOWING FOR EYE-POSITION MOVEMENT

The objective of this work is to extend the idea of a spherical environment map to allow for eye position movement
within a bounded locus inside a sphere. A method of efficiently capturing and encoding the light flowing into a
spherical region of space was needed. Specifically, the following tasks were defined:

e Sample the light information inside a spherical region of space using a calibrated camera with known field of
view and focal distance.

o Allow for a range of movement of about 18 inches in real world terms. This will be shown later to be a function
of the number of images taken and the field of view of the capture camera.

A camera field of view of 60 degrees was chosen because it is relatively easy to find a very linear lens with this
field of view and we wished to avoid the extra complexities introduced with fisheye lens transfer functions.

Images were rendered by pointing the virtual camera radially outwards along the surface of a sphere (referred to
as the capture sphere) of known radius R. The capture sphere encloses a smaller region of space from which any
view of the scene can be reconstructed (referred to as the viewpoint locus). Figure 2 shows a side view of the capture
scheme.

Viewer Sphere

Figure 2. Side view of the viewer locus embedded inside the capture sphere.

The first question encountered was how to sample the sphere such that all the gaps were covered. A stan-
dard spherical discretization creates a large concentration of points near the poles of the sphere and thus a highly
non-uniform spatial distribution of cameras. Instead, platonic solids, commonly used in computer graphics as ap-
proximations of spheres, were chosen. This results in a more complex addressing scheme when compared to the
angular discretization method, but produces a much smaller number of cameras and more uniform spatial coverage.
Figure 3 shows the base polyhedra and its extrusion which was used for our environment capture.

The next consideration was how large the capture sphere should be. Figure 4 shows two examples of capture
spheres within a computer generated environment. The radius of this sphere is related to the number of cameras
chosen for the capture and their field of view. If the radius of the sphere is increased, more cameras will be needed
to sample its larger surface area or the field of view of the cameras would have to be increased. A larger value of the
radius also makes the capture sphere approach the objects in the scene and has the additional effect of increasing
the volume of the viewpoint locus, thus providing more potential parallax motion.



Figure 3. The first figure shows the base polyhedra used for our camera sampling. The second figure shows the same
polyhedra after four levels of extrusion. This produced 6146 vertices and a uniform sampling of the sphere.

Figure 4. Two examples of capture spheres within an environment surrounded by pillars. The size of the capture
sphere and the field of view determine the number of cameras which will cover particular regions of space. Sphere
size and field of view also affect the region inside which the viewer is constrained.

The next step was to determine the bounds of the viewpoint locus. This is a geometric problem. The regional
constraint arises because at some point the viewer can be looking towards a region of the environment for which
there 1s no coverage provided by any camera on the capture sphere. This will generally occur when reconstructing a
wide field of view at points nearer the capture sphere and looking radially outward. The viewpoint locus is affected
by the camera field of view, the reconstruction field of view, the orientation of the reconstructed image (i.e., the
tilt), and the viewing direction (e.g., looking straight outward or back through the center). For the purposes of this
paper, the variables were limited by not incorporating tilt to the reconstructed images and only modeling the case of
looking outward from a positive r value, where 0 < r < R. It is possible to solve for r by using the similar triangle
rule as illustrated in Figure 5 and in the following formula :

Fov

r= R -tan( 5

), ()



where R is the radius of the capture sphere and FOV is the field of view of the capture cameras.

| >FOV |

Viewer Sphere
tan(®) =r/R

0 =FOV/2

Capture Sphere

Figure 5. Determination of a bound for the viewpoint locus. The field of view of the cameras determine the marimum
distance a viewer can move without exceeding the available scene information.

5. FRAME RECONSTRUCTION

Arbitrary views from any point within the viewpoint locus can be reconstructed in a straight forward way. Figure 6
shows a sample view frustum to be reconstructed and its relationship to the capture sphere and a sample viewpoint
locus.
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Figure 6. View frustum to be reconstructed. The capture sphere containing a viewpoint locus from which a view
frustum to be reconstructed emanates.

For clarity, the following terms are defined. Define P = (ps,py,p.) to be the eye position vector and D =
(dg,dy,d;) to be the view frustum direction vector. R and r are the radii of the capture sphere and the viewpoint



locus respectively. V' F represents the set of rays V; = (P + D;t) composing a view frustum. The general procedure
to reconstruct a given view frustum is described by the following pseudo-code:

Procedure ReconstructFrame(V = P + Di)
V,P,DeR?

1. VF = BuildViewFrustum (V). Calculate the set of points composing the viewpoint frustum image plane. This
can be done quickly since the points are coplanar and the origin is P for all the rays.

2. ForEach ((V; = (P+ D;t)) e VF)

Calculate the intersection point S; of V; with the capture sphere (||S;|| = R).

Find the n nearest cameras to S;.

Calculate intersection pixel for each of the n nearest cameras using equations 2, 3 and 4.

Interpolate pixel value p; from the n pixel values. If n = 1 then,simply use a nearest camera scheme.

o Place this pixel value p; at the position in the reconstructed image corresponding to ray V;.

3. Output desired view frame.

The step of calculating the intersection pixel for the n nearest cameras has a built-in inherent inaccuracy. This is
due to the fact that the reconstructed view ray is being projected from the cameras on the capture sphere instead of
from the true location co-ordinate inside the viewpoint locus. This will manifest itself in the reconstructed images as
aliasing artifacts. Figure 7 is an exaggerated illustration of this effect showing how the incorrect pixel value is picked
up from the nearest camera image instead of from the reconstruction viewpoint. The effects of this phenomenon are
minimized by adequate camera coverage on the capture sphere. This will serve to minimize the translation errors
across the sphere.

Other factors affecting the magnitude of this aliasing error are: 1) the distance of the capture sphere to the objects
in the environment, and 2) the radius of the capture sphere.

The closer the objects in the environment are to the cameras, the more motion parallax will be present in
neighboring frames. This will in turn cause the ray-plane intersection error, described above, to be more apparent.
The radius of the capture sphere also affects the motion parallax present in the neighboring frames as well as affecting
the volume of the viewpoint locus. Therefore, these parameters need to be balanced appropriately to minimize
aliasing. These considerations will also affect the apparent scale of the environment. For this work, dimensions have
been selected on the basis of experimentation with the goal of simulating a life-size reconstructed scene.

6. RESULTS

In the presentation of the frame reconstruction procedure, interpolation is done between the nearest n cameras to
the intersection point on the capture sphere. Figures 8, 9 and 11 show the interior of a U.S. Navy cruiser. Figure 8
shows two reconstructed images of this artificial environment with values of n = 1 and n = 3 respectively.The right
image is smoother and some of the aliasing artifacts have been removed along the borders of the walls and other
objects in the scene.

Figures 9 and 10 show results of side-to-side motion parallax achievable using these methods. In figure 9, notice
the portion behind the right wall that comes into view and the view of the door as the eye position is moved
horizontally from left to right. Figure 10 was reconstructed from a public domain 3-D scene and was chosen for
calibration purposes. The motion parallax is more visible in this figure, although the aliasing artifacts are more
prevalent in the pillar due to its nearness to the capture sphere and the stressful optical pattern mapped onto it. It 1s
important to note that an appropriate choice of texture for the pillar would make these artifacts much less noticeable.
Certain marbled texture maps made the aliasing virtually undetectable. Movies of both of these environment can be
obtained at hitp://www.cs.sc.edu/ espinal /ibr.htm.



View Ray of Reconstructed Frustum

=Intersection Error

True Pixel

Viewer Sphere R Rendered Pixel
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Figure 7. FEzaggerated illustration of ray-plane intersection error.

Figure 8. A non-interpolated frame (n = 1) versus an interpolated frame (n = 3). The picture on the left is
obtained by picking the nearest camera’s pizel value. The picture on the right is obtained by averaging the vertices
on the triangular face of the polyhedral figure through which the view rays pass.

Figure 11 shows another example of the motion parallax which can be achieved as the viewer moves from right to
left. Tt also shows noticeable aliasing along the railing. This is again due to the short distance between the capture
sphere and the stairway of the cruiser which increases the ray-plane intersection error.



Figure 9. A sample view of the motion parallaz. Two frames rendered from different horizontal positions within the
viewer locus.
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Figure 10. Another sample view of motion parallax. Two frames rendered from different positions within the viewer
locus.

7. CONCLUSIONS AND FUTURE WORK

It has been shown that it is possible to capture and redisplay the light information visible from a spherical region
of space by taking pictures of a surrounding environment along a sphere. Due to the large amounts of image
data generated by our methods, much work has yet to be done in efficiently compressing and decompressing this
information. Our preliminary studies have shown there is a great deal of correlation that can be exploited in these
data sets which should make high compression ratios achievable. Areas of continuing work include achieving very
fast frame reconstruction so as to playback an environment immersively in real-time.
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Figure 11. Two frames rendered from two different positions within the viewpoint locus, as the eye position is moved
from right to left.
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